Integrated urban water cycle management presents a new framework in which solutions to the provision of urban water services can be sought. It enables new and innovative solutions currently constrained by the existing urban water paradigm to be implemented. This paper introduces the UrbanCycle model. The model is being developed in response to the growing and changing needs of the water management sector and in light of the need for tools to evaluate integrated watercycle management approaches. The key concepts underpinning the UrbanCycle model are the adoption of continuous simulation, hierarchical network modelling, and the careful management of computational complexity. The paper reports on the integration of modelling capabilities across the allotment, and subdivision scales, enabling the interactions between these scales to be explored. A case study illustrates the impacts of various mitigation measures possible under an integrated water management framework. The temporal distribution of runoff into ephemeral streams from a residential allotment in Western Sydney is evaluated and linked to the geomorphic and ecological regimes in receiving waters.
Introduction
A key step on the pathway to sustainability, set down in Agenda 21, is the development of sustainable water resource systems through the protection of the quality and supply of freshwater resources. Indeed it sets out seven programme areas to foster and achieve this goal which include: integrated water resources development and management; and water and sustainable urban development.
The term integrated water resource management means many things. In its broadest context it is used to refer to the integration of all types of interrelated freshwater bodies, including both surface water and groundwater and the consideration of both quantity and quality issues. It is also commonly used to describe the process of overcoming the partitioning of responsibilities for water resource supply, planning and development that exist amongst the sectoral agencies involved in their provision. A third use is the description of the incorporation of technological, socio-economic, environmental and human health considerations into the management and decision making process. This paper describes research being undertaken in Australia to assist in the progress towards the goals of sustainability. This is being achieved through the development of a better understanding of the role and interactions of urban water-cycle service systems to assist in the integration of water resource management in all its guises. progress toward integration. The system boundaries define the physical, temporal and spatial limits within which we plan, manage and develop our water-cycle services. Indeed integration cannot be achieved without first revisiting and redefining the system boundaries employed in the provision of these services. Figure 1 provides a comparison between the natural water cycle and that of a developed or urbanised system. The sphere can be considered to represent a city or urban area and the associated vectors the inputs and outputs of the system.
In the process of urbanisation and development we change significantly the inputs and outputs and can create highly inefficient systems in terms of utilisation of water resources. If the natural system is considered as an appropriate representation of a "sustainable" system we can make an important observation, that the traditional once-through or single use systems that exist for the provision of urban water services, do not heed any natural design philosophies of resource cycling, where the output from one sub-system becomes the primary input to another. More succinctly, progress towards sustainability can be made by minimising inputs and outputs through the efficient use of resources (Tischner and Schmidt-Bleek, 1993) .
Integrated water cycle management: An Australian perspective
What needs to be recognised is that "sustainability is a state of being, which is variable in time and space depending on climatic and environmental conditions, population, resource consumption and disposal practices and the state of technology … . Sustainability is therefore locale specific" (Fleming and Daniell, 1999) .
By global standards, Australia has a high climatic variability. This variability coupled with high per capita water use, widely distributed population, aging and separated sewer and stormwater infrastructure, and degraded and over exploited catchments poses a unique set of challenges in confronting water supply and resource security issues in both urban and rural Australia. The Council of Australian Governments has agreed on a strategic framework to achieve an efficient and sustainable water industry in Australia. Critical issues identified in this framework include: the allocation of water for the environment; ecological sustainability of new developments; institutional reform; and the incorporation of environmental costs in water pricing. Importantly all these reforms fall under the definition of integration.
If integration and indeed progress towards sustainability is to be achieved, what is required is the development of new tools to investigate and explore the opportunities integrated management offers and bridge the divide between new theory and practice (Vlachos and Braga, 2001) . To date, no single model offers the ability to undertake the integrated modelling required to assess the economic and environmental performance of urban water cycle management options in Australia.
The UrbanCycle model
UrbanCycle is a whole-of-water cycle model that brings together all the elements of the urban water cycle. Water supply, consumption, reuse, waste disposal and stormwater are incorporated into a flexible object-orientated modelling framework. The keys to the modelling approach of UrbanCycle are the integration of the urban water-cycle elements (water supply, wastewater generation, stormwater) across a range of scales, the use of continuous simulation, and sub-daily time steps. This is accomplished within a computationally efficient object oriented framework using embedded hierarchical networks.
Model structure
Despite the allotment being the nexus of water cycle services, the provision of these services has traditionally been planned and managed from a top down perspective. If each of these services is considered in isolation this would appear the most logical approach. If they are, however, placed in their interacting systems context, the approach to their supply and management must be reappraised. It is through the consumption and use of water at the allotment that the urban water-cycle services can interact and here where the opportunities for creating the substitution and recycling loops observed in natural systems begins.
The allotment water cycle model shown in Figure 2 (Coombes, 2002) , is utilised within UrbanCycle. Individual allotments are the foundation on which urban models should be built and it is from these fundamental units that users can explore relationships and performance at different scales.
It is important to note that this approach allows the exploration of systems that promote cost effective, environmentally sustainable and socially beneficial solutions to potable water supply, and waste and stormwater disposal. Water sensitive urban design tools such as roof, stormwater, grey and black water harvesting, retention, detention, onsite treatment and reuse can be explored and evaluated as management solutions. Through the integration of scales these options can be further explored by examining similar schemes that operate for small scale clusters, localised communities and traditional large scale regions.
Continuous simulation
With the design and evaluation of water service systems being essentially risk based, the development of tools to better understand these risks is central to risk management and the elimination of over and under designed solutions. Continuous simulation is suggested as the most rigorous resolution of this problem at short time steps UrbanCycle employs continuous simulation, using the Disaggregated Rectangular Intensity Pulse (DRIP) (Heneker et al., 2001) stochastic rainfall model for climatic input. This framework directly deals with the complex joint probabilities in water cycle modelling and avoids the need for their ad-hoc estimation. 
Integration across scales
To successfully model spatial interactions of the urban water cycle, simulation must be performed at the lowest (allotment) level and then integrated up through the hierarchy in accordance with the network topology. This is achieved through the use of hierarchical embedded networks. The graphical user interface (GUI) enables users to build up models from the base elements and explore their integration and interaction into the cluster, subdivision and catchment scales. Figure 3 highlights the hierarchical nature of the provision of water services and the layered networks that exist at varying scales. Figures 3a and 3b show the allotment scale and the type of embedded networks that can exist in an integrated water management framework. Here the interaction of all components of the water cycle can be seen clearly. Potable water is supplied via a mains connection and through rainwater harvesting. Stormwater is generated through the routing of flow across pervious and impervious areas and waste water is generated from consumption and use of the potable water supply.
Moving up the hierarchy from the allotment, Figures 3c and 3d show how under the traditional paradigm each individual allotment is connected to cluster scale networks for the provision of water cycle services. Water mains bring potable water in, while the sewer and stormwater infrastructure carry waste and stormwater away. Equally however the UrbanCycle model allows for the investigation of alternative management options involving cluster provision of water cycle services, for example localised wastewater treatment or rainwater harvesting.
Moving further up the hierarchy Figures 3e and 3f reveal the connection of clusters along trunk mains, sewers and stormwater channels, originating from headwork systems or terminating at regional treatment plants and outfalls. To successfully model the hierarchy the simulation must be performed at the lowest (allotment) level and then integrated up through the hierarchy in accordance with the network topology. This approach introduces significant computational burden and unless handled with care could render this approach unworkable.
The use of embedded networks enables users to click on specific model nodes and enter the underlying network. This GUI not only assists in the development and visualisa- tion of models but also enables users to navigate through the network hierarchy when viewing results. By clicking on model elements after a simulation, users are able to access a range of output data relevant to the type and function of the element selected. For example selection of a stormwater pipe reach would enable the user to select from options that include viewing of: hydrographs for specified storm events; peak flow summaries; and flow duration curves. Similarly, selection of an allotment unit provides options such as: hydrographs for specified storm events; peak flow stormwater summaries; runoff flow duration curves; alternative supply usage; mains consumption and wastewater generation summaries. subsequent replication. This approach is achieved through the definition of styles for each of the various model objects. For example, common model objects are impervious and pervious areas, rainwater tanks and pipes. By enabling the user to define and apply styles that contain a set of attributes for a given object they can quickly build a physically based model that is capable of exploiting repetition. The benefits in the use of styles is therefore not only limited to the reduction of repetitious data entry. The ability to save and access styles from a library provides for even greater flexibility and ease in creating and exploring models.
An allotment case study
Much attention of late within the Australian water sector has been given to the issue of environmental flows. As Gippel (2002, p. 5) observes "there is overwhelming evidence in the literature from Australia and elsewhere that marked alteration of channel forming flow processes is associated with declining ecological health … ".While still under development, the UrbanCycle model has been used in the following case study to highlight the impacts of urbanisation and demonstrate the effectiveness of measures that can be used mitigate them.
Impacts of urbanisation on streams and their mitigation in Western Sydney
The case study examines the impacts of urbanisation on flows generated from a 600 m 2 allotment in Western Sydney (Australia) and considers various development and management scenarios that begin to exploit integration, by linking the water supply and stormwater systems through rainwater harvesting. The use of additional source control measures are also explored to investigate the additional benefits they offer.
The study focuses on the smaller frequent runoff generated from urban allotments, as it is in the realm of these geomorphically and ecologically significant regular flows that urbanisation can have some of the most significant and detrimental impacts.
A typical 600 m 2 clay soil allotment was modelled under undeveloped (Greenfield) conditions. The highly ephemeral flows generated from the allotment were then compared to those predicted for the following 4 development scenarios: 1) traditional, 2) rainwater harvesting, 3) rainwater harvesting and non-roof impervious area reduction, and 4) rainwater harvesting, non-roof impervious area reduction and onsite infiltration.
The traditional development scenario examines allotment development resulting in an impervious area fraction of 80% (inclusive of a 210 m 2 roof area). These are typical values for developments in the Western Sydney region. Scenario 2 explores the use of rainwater harvesting to meet outdoor watering, toilet flushing and laundry needs, for an assumed occupancy rate of 4 persons, through the use of a 5 kL rainwater tank. Demand data and usage patterns consistent with Western Sydney were adopted . Scenarios 3 and 4, build on scenario 2 through the reduction of the impervious area fraction to 50% and the incorporation of onsite infiltration to further manage allotment discharges.
Analysis is based on the distribution of all flows, q i , where i = 1, … ,n and n is the number of time steps in the simulation period. As flows are not independent the classical interpretation of an Average Recurrence Interval (ARI) for a flow of a given magnitude cannot be applied. The term Flow Duration Return Period (FDRP) has therefore been adopted to describe the return period of a given flow and is defined as
where Y is the number of years of simulation, CF q is the cumulative frequency of the flows greater than or equal to q. It should be noted that discharges are highly ephemeral, with the allotment generating runoff in all cases for less than 3% of the simulation period. Debate over the impacts of altered flow regimes on our urban waterways continues. Nonetheless Gippel (2002, p. 4) notes that "Given the currently limited understanding of the links between biological processes and aspects of flow variability (usually restricted to a few key species) and the improbability of ever being able to fully define the needs of a whole biological community, the conservative alternative is to assume that the natural flow regime is the best indicator of environmental needs." Given this observation and the need for new and more appropriate metrics (Vlachos and Braga, 2001, p. 21 ) runoff for all scenarios was normalised against the undeveloped flow by dividing flows for each FDRP by that of the undeveloped flow q u for the same FDRP.
These normalised flows are presented in Figure 4 in the range of the 0.1-10 yr FDRP. Presenting the results for each scenario as a multiple of the natural runoff, for a given return period, not only demonstrates clearly the impacts of urbanisation but also provides a clear metric of progress towards the mitigation of these impacts.
Discussion of results
In all cases, flow volumes can be seen to rise exponentially as the FDRP decreases. This is a result of the highly ephemeral nature of the runoff from urban catchments and the direct connection of impervious areas to the allotment outlet. Through the introduction of impervious areas in the development of an allotment, the small rainfall events that would otherwise primarily be accounted for by infiltration, evapotranspiration and small scale ponding, become allotment discharges. As runoff events of this magnitude are not responsible for highly visible outcomes such as flooding, they are commonly overlooked. Indeed current Australian guidelines (Pilgrim, 1987) only provides guidance for events down to a 1 year return period. It is therefore at these small but very regular time scales that perhaps the most significant impacts of urbanisation can be observed. Through the staged scenarios a clear reduction in the impacts of urbanisation on allotment discharge can be observed for the small but regular events. It is for Scenario 4 that major inroads into the reduction of the impacts of urbanisation can be seen and where strategies employed have resulted in runoff discharge restored to that of the natural catchment for runoff events with return periods as low as 3 months.
The results presented demonstrate that it is possible through a shift towards integrated water cycle management to begin to better understand the impacts of urbanisation and make significant progress towards minimising them. What is clear is that the solutions lie in the use of a suite of creative management techniques rather than a single panacea.
Importantly, results here focus solely on the effectiveness of mitigation measures in reducing the impacts of urbanisation on allotment runoff. No analysis of wider benefits such as mains water usage reduction or reduction of infrastructure sizing and costs have been presented. Nor has any effort been made to quantify impact reductions in terms of improved environmental sustainability, eco-system health, increased biodiversity or even increased natural amenity.
Conclusions
This study has outlined the key concepts that underpin the UrbanCycle model. These include the adoption of continuous simulation, hierarchical network modelling of water services, and management of computational complexity. In addition this study demonstrated the insights that such a model can provide through an examination of the impacts of urbanisation on the temporal distribution of runoff into ephemeral urban streams. Mitigation measures for these impacts were explored and the solutions shown to lie in the use of a range of techniques.
The case for the shift to integrated water cycle management is a strong one. The potential benefits of this approach have only begun to be explored. If the transition to an integrated approach to water cycle management is to be achieved, tools such as the UrbanCycle model are vital to increasing our understanding of our complex water services systems. They will enable the exploration of new solutions to the provision and management of water services. 
